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Electromagnetic Fields with Egondrocytes
PERSONAL AUT1ORIS)
Grodzinsky, Alan J., Buschmann, Michael D. Gluzband, Yehezkiel A. RAC The specific objectives of this research period were: (1) to quantify the effect of applied electric fields on chondrocyte metabolism, using a range of stimulation frequencies and amplitudes; (2) to compare the chondrocyte biosynthetic response to applied fields at early times in agarose gel culture before an extracelular matrix has accumulated and at later times after significant deposition of matrix around and between the cells; and (3) to begin to interpret the biosynthetic response to applied fields in terms of models of physical mechanisms. The results of these studies suggest that electric fields applied to chondrocytes in agarose can modulate the synthesis of proteoglycans and protein constituents. Biosynthesis may be inhibited or stimulated depending on the amplitude of the applied current density. In addition, the presence of extracellular matrix may enhance the ability of normal chondrocytes and celis in intact cartilage to respond to electric fields, although the presence of matrix was not required for the stimulatory response to be observed with Swarm rat chondrosarcoma cells.
SUMMARY
The interaction of electromagnetic fields with biological tissues is of increasing importance from the standpoint of potential health hazards and of possible beneficial (e.g., diagnostic and therapeutic) effects. To address these issues, the research accomplished during this period focused on the biosynthesis of highly specialized protein and polysaccharide molecules by mammalian connective tissue cells. Since the synthesis and processing of these macromolecules is one of the most important biological functions of cartilage cells, altered matrix metabolism is known to be a very sensitive indicator of the effectiveness of an environmental stimulus, and of the pathway by which the stimulus evokes a response.
The long-term goal is to study long-term (chronic) and short-term (acute) effects of electromagnetic field exposure on the synthesis and turnover of highly charged proteoglycan (PG) molecules and their glycosaminoglycan (GAG) constituents, collagens, and other non-collagenous proteins by normal cartilage cells (chondrocytes) extracted from articular cartilage, and in rat chondrosarcoma cells (a continuous cell line).
To address these goals, the specific objectives of this research period were: (1) to quantify the effect of applied electric fields on chondrocyte metabolism, using a range of stimulation frequencies and amplitudes; (2) to compare the chondrocyte biosynthetic response to applied fields at early times in agarose gel culture before an extracellular matrix has accumulated and at later times after significant deposition of matrix around and between the cells; and (3) to begin to interpret the biosynthetic response to applied fields in terms of models of physical mechanisms.
The results of these studies suggest that: (1) both normal chondrocytes and Swarm rat chondrosarcoma cells in agarose culture can, under proper culture conditions, continue to synthesize matrix macromolecules at a rate similar to that in native cartilage, and (2) electric fields applied to chondrocytes in agarose can modulate the synthesis of proteoglycans and protein constituents. Biosynthesis may be inhibited or stimulated depending on the amplitude of the applied current density. In addition, the presence of extracellular matrix may enhance the ability of normal chondrocytes and cells in intact cartilage to respond to electric fields, although the presence of matrix was not required for the stimulatory response to be observed with Swarm rat chondrosarcoma cells. To address these issues, we have focused on the biosynthesis of highly specialized protein and polysaccharide molecules by cartilage, with and without exposure to the combined effects of electrical and chemical perturbations. Since the synthesis and processing of these matrix macromolecules is one of the most important biological functions of connective tissue cells, altered matrix metabolism is known to be a most sensitive indicator of the effectiveness of an environmental stimulus, and of the pathway by which the stimulus evokes a response.
In particular, we have studied the effect of electromagnetic fields on the syn- produced by in vivo mechanical loading [4, 5] .
To examine these biosynthetic responses, it is essential to use cell populations The specific objectives for the funded 6-month study were, therefore, (1) to quantify the effect of applied electric fields on chondrocyte metabolism, using a range of stimulation frequencies and amplitudes; (2) to compare the chondrocyte biosynthetic response to electric fields at early times in agarose culture before accumulation of an extracellular matrix and at later times after significant deposition of matrix around and between cells; and (3) to begin to interpret the biosynthetic response to applied fields in terms of models of physical mechanisms. However, total protein synthesis appeared to increase with increasing applied current density.
BACKGROUND
Need for Homogeneous Cell Populations
The fact that the total protein synthesis only appeared to increase with relatively high current densities may be due to the heterogeneity of the cell population within the cartilage explant. It is known that cell morphology and biosynthetic response vary with position in the tissue. Therefore, isolation and mixing of the chondrocytes into agarose disks would minimize disk-to-disk variations. In addition, several groups have used a continuous cell line (Swarm rat chondrosarcoma)
for biosynthesis studies, because of the demonstrated homogeneity of the response.
Kimura et al. [24] have found that the proteoglycans and collagens synthesized by these chondrosarcoma cells are strikingly similar to those of native cartilage.
Chondrocytes Cultured in Agarose Gel
Previous studies have shown that chondrocytes cultured in agarose gel preserve their phenotypic expression as evidenced by the synthesis of cartilage-specific type- In our own previous research that led to the present study, we that chondrocytes extracted from native cartilage could synthesize and accumulate a normal, cartilage-like extracellular matrix in agarose gel culture. We characterized the extent and the time evolution of chondrocyte proliferation, synthesis of GAG and proteins, loss of GAG, and total deposition of GAG-containing matrix within agarose gels during long term culture. To assess whether the matrix deposited within the agarose gel was mechanically functional, we measured several important mechanical and electromechanical properties of the agarose/chondrocyte disks at selected times during long-term culture: equilibrium elastic modulus, dynamic stiffness, and streaming potential induced by oscillatory mechanical compression. . In addition, Swarm rat chondrocytes were prepared for incorporation into agarose gels as previously described [24] .
Chondrocytes were mixed into media containing 2% (w:v) low melting temperature (FMC) SeaPlaque agarose [24] at -2 x 107ces/mil and cast at 370C between slab gel electrophoresis plates separated by 1-mm-thick Teflon spacers. After gelling at 40C for 2 h, 16-mm-diameter by 1-mm-thick disks were cored from the gel. The chondrocyte/agarose disks were subsequently cultured on top of nylon mesh (to promote nutrient diffusion from below). Media (as above) was changed daily and analyzed for GAG content by dimethylmethylene blue (DMB) dye binding [28] . Control disks without chondrocytes were prepared and maintained in the same manner.
Electrical stimulation experiments were performed using disks from day 32 of a 70-day culture, and from day 6 and day 45 of a separate 47-day culture. Thus, one of the objectives was to test the effect of applied electric fields on chondrocyte biosynthesis at early times in culture (e.g., day 6) before a significant amount of extracellular matrix had accumulated, versus cells at later times (e.g., day 45) when a dense pericellular and interterritorial matrix had already developed. This comparison would enable us to explore the possibility that cell-matrix interactions could be significant in regulating the effects of applied fields.
In Figures 3-5 show the effect of applied electric fields on the biosynthetic response of primary cells (normal chondrocytes freshly extracted from cartilage tissue). Fig.   3 shows radiolabel incorporation for a group of disks at day 32 of culture, and Fig.   4 at day 45 of a separate culture. Fig. 5 shows radiolabel incorporation for disks taken at day 6 from the same culture as that of Fig. 4 . Both proline and sulfate incorporation tended to decrease with increasing current densities up to 10 mA/cm 2 at both early and late times in culture, suggesting a decrease in proteoglycan and general protein synthesis. At higher current densities ( Fig. 3 and 4) , radiolabel incorporation appeared to be stimulated above that of control at late times in culture, after the development of a substantial extracellular matrix. This stimulatory response was absent in disks taken at 6 days, before the accumulation of matrix; here, application of 30 mA/cm 2 inhibited biosynthesis, as did 1 and 10 mA/cm 2 .
RESULTS and DISCUSSION
Normal Bovine Chondrocytes
This later result can also be compared to our previous experiments using disks 
30
Current rnA/cn2 Figure 3 Groups of 12 3mm chondrocyte/agarose disks were subjected to current densities at 10Os in the presence of radiolabeled sulfate and proline precursors. 2% agarose disks containing chondrocytes were taken on day 32 of the 70 day culture described in Chapter II and the currents were applied for 24 hours. All the bars at non-zero current densities are significantly different from the control group with no applied current, p < 0.05 using the two-tailed t-test. 
Figure 4
Groups of 12 3ram chondrocyte/agarose disks were subjected to current densities at-I00Hs'm the presence of radiolabeled slfate and proline precursors. 1/2% &game disks containing chondrocytes were taken on day 45 of the 47 day culture described in Chapter IV and the currents were applied for 24 hours. Only the bar at lmA/cm2 for sulfate is significantly different from the control group with no applied current, p < 0.05 using the two-tailed W-est. Groups of 12 3mm chondrocyte/agarose disks were subjected to current densities at 10OHs in the presence of radiolabeled sulfate and proline precursors. 2% agarose disks containing chondrocytes were taken on day 6 of the 47 day culture described in Chapter IV and the currents were applied for 24 hours. All the ban at non-zero current densities are significantly different from the control group with no applied current, p < 0.05 using the two-tailed t-test. Fig. 6 . The cells were incubated for 24 hours in the chamber and then subjected to graded levels of sinusoidal current densities at a frequency of 1 Hz. Proteoglycans were subsequently extracted from the gels using 4M GuHCl, and the macromolecular radioactivity was separated from unincorporated isotope via Sephadex G-25 chromatography. Fig. 7 shows the radioactivity in the test gels normalized to that in the unstimulated controls. There was no significant difference between test and control specimens for current densities less than 0.3 mA/cm 2 . However, for currents between 0.3 and 2.0 mA/cm 2 , a 10-25% increase in proteoglycan synthesis was observed.
2.0 mA/cm 2 current densities at frequencies of 0.1, 10, 100, and 104 also appeared to stimulate synthesis. These results suggested that a a stimulation of proteoglycan biosynthesis could be observed in this homogeneous cell population at lower current densities than that seen in fresh bovine cells (Figures 3 and 4) . Furthermore, these chondrosarcoma cells appeared to ber capable of modulating their biosynthetic pattern at such lower current densities even in the absence of an appreciable extracellular matrix.
CONCLUSIONS
The results of these studies suggest that: (1) both normal chondrocytes and Swarm rat chondrosarcoma cells in agarose culture can, under proper culture conditions, continue to synthesize matrix macromolecules at a rate similar to that in native cartilage, and (2) electric fields applied to chondrocytes in agarose can modulate the synthesis of proteoglycans and protein constituents. Biosynthesis may be inhibited or stimulated depending on the amplitude of the applied current density. In addition, the presence of extracellular matrix may enhance the ability of normal chondrocytes and cells in intact cartilage to respond to electric fields, although the presence of matrix was not required for the stimulatory response to be observed with Swarm rat chondrosarcoma cells.
These results also provide support for the long-term objectives of this research in that the chondrocyte/agarose system appears to be an appropriate model with which to study the mechanisms by which physical forces (e.g., electrical and mechanical) may interact with mammalian cells. The chondrocytes can be maintained in a natural environment which, in certain ways, is more amenable than that of intact cartilage to the study of mechanism at the single cell level.
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